Enteroviruses are responsible for a multitude of human diseases. Expansion of the virus capsid is associated with a cascade of conformational changes that allow the subsequent release of RNA. For the first time, this study presents a comprehensive bioinformatic screen for the prediction of interacting motifs within intraprotomer interfaces and across respective interfaces surrounding the fivefold and twofold axes. The results identify a network of conserved motif residues involved in interactions in enteroviruses that may be critical to capsid stabilisation, providing guidelines towards developing antivirals that interfere with viral expansion during RNA release.
naturally occupied by a lipid, whose release seems critical for RNA release [15] . Upon binding the lipid is dislodged, triggering conformational rearrangements of the protomers with subsequent expansion of the virion and externalisation of the VP1 N terminus and the full VP4 protein [7] [8] [9] 16, 17] . The viral RNA then exits the capsid, and infects the host cell. Previous structural studies indicated that RNA is released through the fivefold axis [16] , while recently capsid expansion has been located at the twofold axis [7] [8] [9] . However, the mechanism is not fully understood. In earlier studies neither the VP1 N terminus nor the VP4 protein were captured in RNA-release structures and the polypeptide chains that become disordered have only recently been distinguished from those which are rearranged in Poliovirus. In particular, the N terminus of VP1 was observed as partially rearranged [18] .
We investigate this mechanism at a sequence level, with description of highly conserved motifs and motif residues, and with predicted function in capsid stability, that are located within hotspot regions associated with RNA release. We describe interacting motif networks that are highly conserved across Enterovirus capsid proteins, and are involved in protein interactions within the fivefold and twofold axes, as well as the individual protomer complex. These interface motifs are, here, termed as interacting motifs (IMs). To investigate residues that may be critical to externalisation of the N terminus of VP1 and the VP4 protein, we further analyse the stability of the protomer complex through computational alanine scanning. This study presents a detailed comparative analysis of the structural proteins across enteroviruses using 1649 individual sequences. Considering that virus uncoating may be an attractive drug target, we believe that the motifs described are important for further identification of potential sites for drug development as well as for in vitro mutagenesis experiments to identify functionally important interface residues.
Material and methods
An outline of the methodology is given in Fig. 1 . In-house Python scripts are used for most of the steps. Motif analysis was performed by MEME. Crystal structures were retrieved from the Protein Databank and visualised in PyMOL. Prediction of interprotein interactions was done using the Protein Interaction Calculator (PIC). Alanine Scanning was performed by ROSETTA. Predicted interacting residues were mapped to conserved motifs and analysed using in-house scripting.
Data set retrieval
Translated protein sequences corresponding to annotated coding sequences of all available viral genomes of the Enterovirus A-D and Rhinovirus A-C species were downloaded from the Virus Pathogen Database and Analysis Resource (ViPR) [19] . Duplicate genome sequences were excluded, yielding protein sets from 1649 individual viruses, and annotated VP1, VP2, VP3 and VP4 proteins were extracted and grouped. Each protein set was further filtered to remove identical sequences, giving a final data set of 798 VP1, 628 VP2, 602 VP3 and 326 VP4 sequences. The sequence headers were edited with standardised abbreviations corresponding to the format of Host|Virus|Strain (Data S1). A single representative crystal structure of each capsid was obtained for seven human viruses from PDB [7, [20] [21] [22] [23] [24] [25] (Data S2).
Identification of conserved motifs
Motif discovery was performed for each protein data set by MEME v4.90 [26] . The MEME parameters were set to maximise the number of motif predictions to 100 with width range of 3 and 20 amino acids. MEME results were subjected to MAST for identification of overlapping regions. Insignificant (E-value >0.05) and adjacent motifs containing overlapping residues were excluded.
Sequence data sets were divided into subgroups according to viral species (Table 1 ). An iterative scripting analysis of each MEME output file was performed on all motifs identified as significant. The sequence headers of respective motif sites were mapped to identical headers within specific virus subgroups. Individual motif conservation was calculated across each subgroup as: number of sites/total number of subgroup sequences. Conservation heat maps, representative of each capsid protein data set, were constructed using MATPLOTLIB (NumFOCUS, Austin, TX, USA).
Identification of interacting motifs
The seven crystal structures of Human Enteroviruses (Data S2) were analysed by the PIC webserver [27] to identify interprotein interactions within respective interfaces of each capsid. For each virus, four complexes were submitted to PIC: (a) the individual protomer; (b) a complex of two adjacent protomers assembled around the fivefold axis of symmetry; (c) a complex of two adjacent protomers, located at the pentamer-pentamer interface, assembled at the twofold axis of symmetry, and (d) a complex of two opposite protomers, located at the pentamer-pentamer interface, at the twofold axis of symmetry. Predicted interactions included hydrophobic interactions within 5
A; protein-protein main chain-main chain, main chain-side chain and side chain-side chain hydrogen bonds; ionic interactions within 6
A; aromatic-aromatic interactions between 4.5 and 7
A; aromatic-sulfur interactions within 5.3 A and cation-pi interactions within 6 A. The results were stored in text files for subsequent analysis. Python scripting mapped the relative positions of the interacting residues identified by PIC to corresponding motifs of the VP1, VP2, VP3 and VP4 subunits of the particular viruses. Motifs containing interacting residues were termed Interacting Motifs (IMs). The motifs were visualised in PyMOL. Additional scripting was used to calculate the residue conservation for each IM site, respectively, across all available Enterovirus A-D and Rhinovirus A-C sequences. This identified interacting residues universally conserved across viral sequences. Motifs are referenced by the format of Subunit.-Motif ID while interacting residues are numbered relative to their positions within the motifs. The corresponding residue positions relative to the full protein sequence are in Data S3.
Alanine scanning
Alanine scanning used the ROBETTA webserver [28] . Motif residues within the following interfaces of the capsid structures were systematically mutated to alanine: (a) intersubunit interfaces within the individual protomer; (b) protomer-protomer interfaces of two adjacent protomers assembled around the fivefold axis of symmetry; (c) interfaces of two adjacent protomers, located at the pentamer-pentamer interface, assembled at the twofold axis of symmetry; and (d) interfaces of two of two opposite protomers, located at the pentamerpentamer interface, at the twofold axis of symmetry. An interface residue was defined to contain one or more atoms within 4 A radius of an atom belonging to the partner subunit. ROBETTA predicted, for each individual mutation, (a) the change in binding free energy of the subunit-subunit complex and (b) the change in protein stability of the respective subunit. Destabilising mutations had values ≥1 kcalÁmol 
Results and Discussion
Capsid protein motifs are universally conserved in enteroviruses
The motif analysis presented here is the first large-scale investigation of all available capsid sequences across seven Enterovirus species. Our aim was to determine which motifs are evolutionary conserved across Enterovirus capsids, and subsequently identify conserved motifs that function in interprotein interactions within the protomer structures and respective protomer-protomer interfaces surrounding the fivefold and twofold axes of symmetry. Short linear motifs of lengths 3-11 amino acids are known to function in protein-protein interactions [29] . Thus, MEME parameters were set to identify motifs of lengths 3-20 amino acids to include possible IMs marginally longer than average. Analysis of each capsid protein data set identified a maximum of 100 motifs per set. After excluding insignificant and/or overlapping motifs, the study identified 46, 39, 37 and 4 unique motifs within the VP1, VP2, VP3 and VP4 data sets respectively. Throughout the text, the original motif ID number assigned by MEME are used. The conservation of these motifs, converted into heat maps, is compared across the capsid proteins of strains of individual Enterovirus species (Fig. 2) . We identified clusters of motifs in each capsid subunit that are universally conserved throughout all sequences of the seven species. As shown in Table 2 , eight of the VP1 and two of the VP3 motifs described in this study contain amino acid motifs that have been reported previously [30] . The VP1.7 motif is highly conserved in all seven Enterovirus species ( Fig. 2A) . This motif has a length of 20 amino acids and overlaps with the A5-T11 residues of the PALTAVETGHT motif, wellknown to be highly conserved in enteroviruses [30] . Motif VP1.7 extends a further 13 amino acids, to identity an additional conserved region adjacent to PALTAVETGHT, encompassing an additional motif:
[ILVM]ETR, previously located in Rhinovirus A and B species [29] . Similarly, the conserved motif VP1.4 ( Fig. 2A) contains the known Rhinovirus motifs [IV] [AT]SAY and FYDGY. Additionally, motifs that have been previously discovered in certain Enterovirus strains were located within six other VP1 motifs ( Table 2) . We also mapped previously classified motifs to VP.3.1 and VP3.2 and showed that they are highly conserved in all seven Enterovirus species (Fig. 2C ). This approach can be used to assess the broad-scale conservation of motifs previously identified in only certain viral species, or to elucidate possible unknown motif regions.
Conserved interacting motifs are identified in respective interfaces within viral capsids
The conformational changes that occur in the virus capsid during RNA release are known for several enteroviruses [7] [8] [9] 16, 17] . During uncoating the N terminus of VP1 and the VP4 protein are externalised from the capsid, with the consequent release of RNA. Although the mechanism of RNA release remains unknown, previous studies report the occurrence of conformational change upon binding to the host cell receptor [7, 8, 15] . The interaction between the RNA genome and the internal proteins of the capsid has also been considered as a trigger for expansion. For example, in EV71 the VP4 protein and the N-terminal extensions of VP1-VP3 are packed in layers beneath the threefold axis, and directly interact with the RNA [33] . This arrangement may impose internal pressure within the capsid, thus contributing to expansion. We have limited our investigation to the interprotein interactions between the subunits of the capsid; however, it must be noted that RNA-protein interactions may also contribute to RNA release. Earlier studies hypothesise the fivefold axis as the exit site of RNA [16] , and more recently that RNA is released following expansion and porous formation at the twofold axis [7] [8] [9] . Thus, the conserved motifs that function in capsid stability surrounding the twofold and fivefold axes may be potential drug targets against RNA release. Additionally, motifs responsible for the stability of the protomer complex may provide further understanding into regions that are critical for the externalisation of the VP1 N terminus and the VP4 protein which is considered as a prerequisite for RNA release. With this in mind, we aimed to extract conserved IMs located within the subunit-subunit interfaces or surrounding the fivefold and twofold axes, identifying interacting residues in seven representative crystal structures (Data S2). Respective protomer structures, as well as complexes of two interacting protomers assembled around the fivefold and twofold axes were submitted to the PIC webserver. Conserved interacting residues were located in 22 motifs (six in VP1; seven in VP2; seven in VP3; two in VP4) in respective interfaces within the individual Fig. 2 . Heatmap of motif conservation across respective Enterovirus species. All available Enterovirus sequences, for each capsid protein, were subjected to MEME for motif discovery. The conservation of each motif was calculated with respect to subgroups comprising of sequences from the same virus species. Heatmaps were generated using the Matplotlib and Python scripting. protomer structure (Fig. 3) . We also identified four VP1, three VP3 and a single VP4 conserved IM surrounding the fivefold axis (Fig. 4) . With regard to the twofold axis we mapped six conserved VP2 IMs and a single VP3 IM (Fig. 5) . The regular expressions of predicted IMs are described in Table 3 .
Extensive networks of protein interactions are conserved within enterovirus capsids
Protomer structure
Comparative analysis of the intersubunit interactions across the enteroviruses revealed an extensive network of IMs conserved across the seven protomers, irrespective of species. Figure 3B schematically depicts the residues of the respective subunit IMs, predicted to participate in conserved intersubunit interactions, and indicates the effect of alanine scanning on interacting residues. Respective mapping of the IMs to the Enterovirus capsids revealed that their structural locations and proximity are conserved across all seven species. Figure 3A is an example of the extensive IM network reoccurring across the 60 protomers of the capsid. The residues form continuous interacting regions upon protein folding. With the conservation of a multitude of interacting residues from the respective subunits, regions of different capsid proteins are probably coevolving with one another to conserve principle interacting residues across the protomer complex.
The conservation pertained to 56 (18 VP1, 18 VP2, 14 VP3 and 6 VP4) residues, from 22 conserved IMs (Fig. 3B) . Twenty-seven residue sites were observed as universally conserved across the 5 protomers, while 29 sites were subject to conservative mutation. The 56 residues were predicted to facilitate 42 intersubunit interactions, including 13 universally conserved residueresidue interactions and 29 residue-residue interactions sustained through conservative site mutations. The interacting residues conserved in all seven virus structures are labelled in Fig. 3B , while the site specific mutations according to virus species are shown in Data S4. Figure 3B also indicates protomer stability following computational alanine mutation of the respective residues, supporting the PIC predictions, with a total of 15 out of the 56 conserved interacting residues predicted to destabilise various subunit-subunit complexes throughout the seven Enterovirus protomers. A detailed summary of the predicted change in binding free energy of these 15 residues is presented in Table 4 . The summary describes destabilisation observed for respective subunit-subunit interfaces. Additionally, to provide guidelines for potential mutagenesis experiments, Table 4 identifies sites that are 100% conserved across all sequences of respective Enterovirus species.
The mechanism of RNA release has been investigated for several enteroviruses, by capturing crystal structures of full capsids, with subsequent crystallisation of early, intermediate and late RNA-release structures [7] [8] [9] [10] [11] 34] . These studies have included structure comparison for Poliovirus [34] , Enterovirus 71 [7] , Coxsakievirus A16 [9] , Coxsackievirus A9 [10] and Rhinovirus A2 [8, 11] . The externalisation of the N terminus of VP1 and complete loss of VP4 was observed in all RNA-release intermediates reported. Specifically, in comparison to full virus capsids, the first 60 amino acids in the N terminus of VP1 of the early RNArelease structures were disordered [7] [8] [9] [10] [11] 34] . While in a more recent study of Poliovirus, the VP1 N terminus was observed to be rearranged [18] . Three of the seven enteroviruses mapped in this study correspond to structures in these previous studies, including Enterovirus 71 [7] , Coxsackievirus A9 [20] and Rhinovirus A2 [23] . A list of all predicted interprotein interactions is included in Data S4-S6. Motif VP1.7 is located within these first 60 amino acids, containing three interacting residues conserved across the seven species that interact with VP2, VP3 and VP4 respectively (Fig. 3B) . The conserved hydrogen bond between VP1.7.E3 and VP2.1.N7 was critical to the stability of the VP1-VP2 interface with destabilisation predicted upon alanine mutation of either residue (Table 4) . As previously mentioned, motif VP1.7 overlaps with the known PALTAVETGHT motif [30] . Structurally this motif is located in a cavity formed by the other three subunits, with the C terminus of VP4 positioned between the motif and the viral RNA. Airaksinen et al. [35] investigated Coxsackievirus A9 mutants with a single amino acid mutation located in this motif (29-PALTAVETGHT-39) that reduced the capacity of infectious virus progeny. Although the corresponding E35 (VP1.7.E3) was not included as a mutant, an adjacent mutation V34A (VP1.7.V2) significantly decreased ability to infect the host cell, suggesting that the mutation hindered the externalisation of the VP1 N terminus together with the VP4 protein. This residue is not shown in Fig. 3B , as it was not conserved as an interacting residue in Rhinovirus C15. However, VP1.7.V2 was predicted to form a hydrophobic bond with the VP2.1.W5 in the PIC analysis of the Coxsackievirus A9 structure (Data S4). This hydrophobic interaction was conserved in species Enterovirus A-D and Rhinovirus A and B.
Also shown in Fig. 3B are residues in motif VP4.1, with multiple interactions with the VP1, VP2 and VP3 subunits. The conserved residue VP4.1.F11 was critical for the VP4-VP3 interface in all seven viruses (Table 4 ). Figure 3 illustrates the network of motifs that interact with the VP1 N terminus and the VP4 protein and includes motifs VP1.1, VP1.4 and VP1.7; VP2.1 and VP2.6; VP3.1, VP3.5; and VP3.8; VP4.1 and VP4.2. These results expand previous studies [35] , and reveal additional conserved motifs related to the conformational changes associated with RNA release.
Fivefold axis
The fivefold axis is located in the centre of the 12 pentamer structures of the capsid (Fig. 4A) . To map IMs located within this region, for each virus, a complex of two adjacent protomer structures assembled around this axis were submitted to the PIC webserver. Scripting mapped interacting residues located between the interfaces of adjacent protomer subunits to relative motifs. We identified eight motifs containing interacting residues in all seven viruses; however, the network Table 4 . Destabilisation of Enterovirus protomer structures by computational alanine scanning. Motif residues were individually mutated to alanine using the ROSSETA webserver. Analysis was performed individually for each Enterovirus protomer structure. Increase in binding free energy greater than 1 indicates significant destabilisation of the complex. Free energy results in RED correspond to motif residues that were universally conserved across all available sequences of the respective viral species to which the representative structure belongs. of precise residue-residue interactions was not as conserved as within the protomer structure. Figure 4A presents a cartoon map of the eight IMs as observed in a full virus capsid of Enterovirus 71, while Fig. 4B distinguishes which of these motifs are surface accessible. The IMs conserved in the centre of the pentamer include VP4.2, VP3.5, VP1.3 and VP1.6. Although VP4.2 is structural conserved, the interactions of the motif residues differ across the seven viruses (Data S5). The interactions observed in motifs VP1.2, VP1.8 and VP3.3 are also virus dependent (Data S5). Conversely, we identified a network of 13 conserved interacting residues between the VP1-VP3 interfaces of two adjacent protomers which may affect the stability of the complex (Fig. 4C) . Within this network, hydrophobic, hydrogen bonds and ionic interprotein interactions are conserved between VP1.3 and VP3.5. Additional conserved sites in motif VP3.4 interact with the motifs VP1.6 and VP3.5 located on the subunits of the adjacent protomer. Computational alanine was used to investigate the VP1-VP3 and VP3-VP3 interface between adjacent protomers (Table 5) . Unlike mutations within an individual protomer, we did not observe destabilisation or stabilisation conserved in all seven viruses, suggesting that the protomer-protomer interface is more resistant to mutation. This supports previous capsid stability studies involving PV and HRV14 that have indicated strong protomer and pentamer intermediates, with stability conferred by intertwining of the respective subunits [36, 37] . However, the destabilisation of the respective interfaces were observed in certain representative viruses, notably with mutations of VP3.5.LM8 destabilising the VP1-VP3 interface in six of the seven viruses ( Table 5 ). The VP3.5 motif is located in the C terminus of the protein, a region that has been reported to interact with RNA in the A-particle of HRV2, subsequent to the release of VP4 [8] ;specifically the residue Gln20 (VP3.5.Q14) directly interacts with RNA. Previous work on Enterovirus 71 suggested that the conformation at the fivefold axis is maintained by an elaborate network of hydrogen bonds established by the VP1 Lys182 residue, a residue conserved in Enterovirus A and D species [33] . This residue maps to the motif VP1.3.K18, and although it was predicted to interact with the adjacent VP1 subunit in Enterovirus 71 (Data S5), the site was predicted as noninteractive in the other six viruses. However, in Fig. 4C , we classified four other conserved residues located within the motif VP1.3.
A canyon-like depression, surrounding the fivefold axis, has been reported as the binding site of the host cell receptor in several Enterovirus species [12] [13] [14] :
upon binding a cascade of conformational changes is triggered, resulting in the rearrangement of protomers with ultimate expansion at the twofold axis [7] . Figures 4B and 4C depict the location of the motifs VP1.2, VP1.3, VP1.6 and VP1.8 as clustered around this depression, with all four motifs accessible on the surface. Enterovirus VP1 proteins are known to contain a hydrophobic pocket, the entrance of which is located at the end of the canyon-like depression. A hinge movement around this pocket that results in the coordinated displacement of the VP2 and VP3 subunits may be an initial step in uncoating in HRV2 [8] . The pocket is occupied by a lipid, otherwise referred to as the pocket factor, the release of which seems critical for RNA release [15] . Previously, a delay in virus uncoating was reported in Coxsackievirus B3 by targeting this pocket with a derivative of Pleconaril, a probe with higher binding affinity than the natural lipid [38] . This suggests that residues in this region may be a plausible drug target against host cell infection. The motifs, VP1.2, VP1.3, VP1.6 and VP1.8, are clustered around this pocket are highly conserved in enteroviruses, and are surface accessible. Computational alanine scanning also predicted residues of VP1.3 as critical for the stability of the protomer-protomer interface around the fivefold axis (Table 5) . Therefore, the data presented here suggests additional regions that can be targeted by drugs to prevent capsid expansion.
Twofold axis
The location of the twofold axis is depicted in Fig. 5A , positioned between the VP2 subunits of two opposite protomers at the pentamer-pentamer interface. The VP3 proteins of the adjacent protomers in each pentamer constitute the surroundings of the axis. To identify motifs that may affect stability, we investigated protein interactions located in VP2-VP2 interface of two opposite protomers, and the VP2-VP3 interface between two adjacent protomers; see Fig. 5C with protomers numbered according to location in the biological assembly.
The results show four conserved IMs within the VP2-VP2 interface, two of which are located on an a-helix on the CD loop of VP2 (Fig. 5B) . All residue-residue interactions predicted within these motifs are shown in Data S6. Two further VP2 IMs are located in the interface between the adjacent protomer at the pentamer-pentamer interface. These two motifs interact with VP3.1, located on an additional helix from the EF loop of VP3. The expansion of the twofold channel has been observed during uncoating in Enterovirus 71, Rhinovirus 2 and Table 6 . Change in binding free energy between subunits of opposite and adjacent protomers at the pentamer-pentamer interface surrounding the twofold axis as predicted by computational alanine scanning. Motif residues were individually mutated to alanine using the ROSSETA webserver. Analysis was performed individually for each Enterovirus protomer-protomer complex assembled around the twofold axis. Coxsackievirus A16 [9, 11] . The pore is formed by the C-terminal segment and the a-helix on the CD loop of VP2, with the additional helix of the VP3 protein. These a-helixes are conserved in enteroviruses. We identified a single hydrophobic interaction conserved at the VP2-VP2 interface, with conserved motif residue VP2.7.F6Y (Fig. 5C ). Investigations into Coxsackievirus A16 reported that this specific residue (F98) becomes disordered during RNA release [9] . Computational alanine scanning (Table 6 ) predicted that this residue significantly destabilised the VP2-VP2 in six Enterovirus structures. Also shown in Fig. 5C , is a conserved network of six VP2-interacting residues with eight residues from VP3.1. Similarly, disorder of the VP3 region of Rhinovirus 2A during RNA release was reported [11] . Our alanine scanning indicated that five residues of motif VP3.1, destabilised the VP2-VP3 interface between adjacent protomers in certain enteroviruses (Table 6 ). We also determined the surface exposure of the seven motifs located around this axis. As shown in Fig. 5C , motifs VP2.4, VP2.5, VP2.7, VP2.14 and VP3.1 are surfaced exposed.
In conclusion, we presented a comprehensive bioinformatics screening for the prediction of interacting motifs across interfaces of Enterovirus capsids. We focused on interactions that may play a pivotal role in the stability of the individual protomer complex and the stability of protomer-protomer and pentamer-pentamer interfaces surrounding the fivefold and twofold axis, all regions are associated with conformational changes that precede RNA release. Our findings have advanced understanding of the evolution of enteroviruses and the conservation of functional amino acids. Through alanine scanning, the study has differentiated conserved motif residues, critical for the stability of the capsid, from residues which may have resistance to mutation. We suggest in vitro follow-up studies of capsid stability connected to these residues, potentially offering an alternative focus for antiviral development. Furthermore, the approach used here is applicable to other virus families, providing testable hypotheses at the virus sequence level.
